The optical and physical properties as well as the direct radiative forcings (DRF) of 16 fractionated aerosols in the urban area of the western Yangtze River Delta (YRD) are investigated with 17 measurements from a Cimel sun photometer combined with a radiation transfer model. Ground-based 18 observations of aerosols have much higher temporal resolutions than satellite retrievals. An initial 19 analysis reveals the characteristics of the optical properties of different types of fractionated aerosols in 20 western YRD. The total aerosols, mostly composed by scattering components (93.8%), have a mean 21 optical depth of 0.65 at 550nm and refractive index of 1.44+0.0084i at 440 nm. The fine aerosols are 22 approximately 4 times more abundant and have very different compositions from coarse aerosols. The 23 absorbing components account for only ~4.6% of fine aerosols and 15.5% of coarse aerosols and have 24 2 / 50 smaller sizes than the scattering aerosols within the same mode. Therefore, fine particles have stronger 25 scattering than coarse ones, simultaneously reflecting the different size distributions between the 26 absorbing and scattering aerosols. The relationships among the optical properties quantify the aerosol 27 mixings and imply that approximately 15% and 27.5% of the total occurrences result in dust and black 28 carbon dominating mixing aerosols, respectively, in the western YRD. Unlike the optical properties, the 29 size distributions of aerosols in the western YRD are similar to those found at other sites over eastern 30
were presented by Zhuang et al. (2015) . Additionally, the monthly mean AOD and AE of the total 164 aerosols from the satellite-based Moderate Resolution Imaging Spectroradiometer (MODIS) were used 165 in the analysis. 166
Based on the observed wavelength-dependent aerosol optical properties, the DRF of the aerosols 167 in urNJ is investigated using the radiation transfer model TUV (Madronich, 1993) . Only clear-sky 168
DRFs are addressed here because almost all the measurements are carried out in free sky conditions. 169
The solar component of the radiative transfer scheme in the TUV model follows the δ-Eddington 170 approximation. In addition to the aerosol optical properties, the surface albedo (Palancar and Toselli, 171 2004) and aerosol vertical profiles (Forster et al., 2007) might also have significant influences on the 172 DRF. Thus, the wavelength-dependent surface albedo from MODIS, the annual and seasonal mean 173 aerosol profiles from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 174 (CALIPSO) and the Polarization-Raman Lidar (PRL) in Nanjing are included when assessing the 175 aerosol DRF. The aerosol DRF in this study is defined as the difference in the net shortwave radiative 176 fluxes when including or excluding the aerosol effects at the TOA and surface. The gas absorptions in 177 the atmosphere were set to be constant. The scattering aerosol SSA was set to 0.9999 (similar to that of 178 sulfate or nitrate, Li et al., 2015b) when calculating its DRF. The DRF of the absorbing aerosols is 179 derived from the differences between the total and scattering aerosol DRFs. 180 181 3 Results and discussions 182
Optical properties of the aerosols 183
Unless otherwise specified, the AODs, SSAs and refractive indices of the aerosols hereinafter all 184 represent the ones at 550, 550 and 440 nm, respectively. In addition to the total aerosols, the 185 size-dependent (i.e., the fine and coarse fractions) aerosol optical properties of the different types 186 (scattering and absorbing aerosols) are also discussed in this section. Therefore, there are nine types of 187 aerosols: total aerosols (TA), total fine aerosols (FA), total coarse aerosols (CA), scattering aerosols 188 (SA), fine scattering aerosols (FSA), coarse scattering aerosols (CSA), absorbing aerosols (AA), fine 189 absorbing aerosols (FAA), and coarse absorbing aerosols (CAA). 190 Table 1 summarizes the statistics of the aerosol optical properties during the study period in urNJ. 191
The mean total aerosol AOD is 0.65, and the SA's account for as much as 93.8% of this category. Fine 192 mode AOD (FAOD), fine mode scattering AOD (FSAOD) and fine mode absorbing AOD (FAAOD) 193 account for 81.53%, 81.97% and 56.09% of the total AODs, scattering AODs (SAODs) and absorbing 194 AODs (AAODs), respectively, implying that coarse aerosols absorb more than fine ones. The 440/870 195 nm AE of the total, scattering and absorbing aerosols are approximately 1.20, 1.19, and 1.32, 196
respectively. Fine aerosols have much higher AEs, which can be 0.4-0.5 greater than those of the total 197 aerosols. Overall, the absorbing aerosols have smaller sizes than the scattering ones in all modes, 198 especially in the coarse mode, which is consistent with the results from the surface aerosols at the site 199 (Zhuang et al., 2017) . The mean SSA of TA, FA and CA is 0.93, 0.95 and 0.82, respectively, further 200 implying that the coarse aerosols have different compositions than the fine aerosols. The comparisons 201 also indicate that surface aerosols (SSA=0.9 in Zhuang et al., 2017) are slightly more absorptive than 202 the columnar aerosols in urNJ. The mean 440 nm refractive index is approximately 1.44+0.0084i. 203 Table 1 the total aerosol AOD are consistent with those of SAOD due to the significantly large ratio of 209 SAOD/AOD. The AODs are all considerably high in the winter due to the more intense emissions of 210 trace gases and particles (Zhang et al., 2009) . Additionally, they are also high in spring and summer 211 under the influences of dust, high efficiencies of moisture absorption growth and chemical 212 transformation (Li et al., 2015a) . Therefore, the seasonal variations of the total AODs are not so 213 obvious in urNJ in the western YRD. These influences are prominent in the AOD seasonality for 214 different aerosol types within the different size segments. The largest AODs appear in the spring for the 215 coarse aerosols, whereas they appear in the summer for the fine aerosols in urNJ. The figure also 216 implies that the scattering aerosols might have different size distributions than the absorbing aerosols. 217
The fine mode fraction is 0.83 (peaking at 0.97) for scattering aerosols and is 0.56 (peaking at 0.83) for 218 absorbing aerosols. It's noting that AOD in August does not include the ones in 2012 and 2013. 219
Coincidentally, air pollution has been controlled since 2012 in Nanjing due to hosting international 220 events in Aug 2013 and 2014. August AOD in 2011 is 1.18, much higher than those in 2012 (0.75) and 221 11 / 50 2013 (0.63) as referred from the MODIS retrievals. As a result, the AOD in August shown in Figure 1 whole mode AE of each aerosol type is determined by the both variations in the AEs in each mode and 231 the fine mode fraction. Therefore, the smallest AEs appear in the summer (0.74 in July) for the total 232 absorbing aerosols but appear in the spring (0.94 in Mar) for the total scattering aerosols. Similarly, the 233 total aerosol AE is determined by both the variations of each aerosol type's AE and the ratio of the 234 scattering (or absorbing) aerosols to the total. And the seasonality of the total aerosol AEs is more 235 consistent with that of the scattering aerosols. The figure also indicates that the scattering aerosols have 236 much larger sizes than the absorbing aerosols, especially those in the coarse mode. AAE) values are also relatively high. Due to different absorbed fractions among coarse, fine and total 281 aerosols, the curve of CSSA (FSSA) has a leftward (rightward) shifting compared with that of SSA, 282 peaking around 0.84 (0.97). The fine aerosol SSAs were concentrated in a more narrow range (~0.1) 283 than the CSSAs were (~0.3). For the refractive index, the frequencies peak around 1.42 and 0.008 for 284 the real and imaginary parts, respectively, in urNJ during the study period. The frequency patterns of 285 the aerosol optical properties also have substantial seasonality (not shown here). Overall, the curves 286 shift leftward in low value seasons and rightward in high value seasons. In the summer, the AOD 287 curves might even have two peaks for the scattering or total aerosols, which are similar to the 288 observations in Taihu Lake (Yu et al., 2011) . urHZ are approximately 0.90, 0.92 and 0.70 for the total, fine and coarse aerosols, respectively, also 328 implying that the coarse aerosols absorb more than the fine ones. Our measurements show similar 329 results. However, the aerosols in urNJ scatter more than those in urHZ in both the fine and coarse 330 modes, also revealing the inhomogeneous distributions of the aerosol compositions in the YRD. This 331 study further augments the current observations of the aerosol optical properties in the YRD compared 332 with previous studies. 333 334
Physical properties of the aerosols 335
In addition to the optical properties, the aerosol physical properties, including the volume size 336 distributions, mode-dependent sizes (radius) and volume concentrations, were also retrieved. Figure 7  337 shows the volume size distributions of the aerosols in different seasons ( Figure 7a ) and at different 338 AOD (or polluted) levels ( Figure 7b ) in urNJ. It shows that the aerosols in urNJ have a typical bimodal 339 structure in their volume size distributions in all seasons, presenting two-mode lognormal distributions 340 in both the fine (radius < 0.6 μm) and coarse modes (radius > 0.6 μm). Their annual peaks appear at 341 radii of 0.148 μm for the fine mode and 2.94 μm for the coarse mode. The aerosol volume size 342 distributions also have substantial seasonality. Dust episodes lead to the peak values in the spring being 343 much smaller in the fine mode than those in the coarse mode, which is the opposite trend than in the 344 other seasons (especially in the summer). Therefore, the mean radius of the aerosols increases 345 significantly in the spring due to the high proportion of coarse particles, leading to a smaller AE, as 346 discussed in the previous sections. In the summer, the curve has a rightward shift, showing a larger 347 aerosol size in both the fine and coarse modes due to the high hygroscopic growth efficiency. The fine 348 particles are dominant in the summer and result in large AE values, opposite to the patterns in the 349 spring. The aerosol volume size distribution varies with different AOD values ( Figure 7b ) in urNJ. 350
Overall, the peak value has a substantial rightward shift with increasing AOD for fine aerosols while a 351 slightly leftward shift for coarse aerosols, implying that the growth of the fine aerosols is advantageous 352 to enhance the aerosol radiative effect. In urNJ, both fine and coarse particles have approximately the 353 same levels when AOD is below ~0.8. In addition, the fine aerosols begin to dominate more when 354 radius, which is generally smaller than the mean one in all modes, is approximately 0.34, 0.16, and 365 2.18 μm for the total, fine and coarse aerosols, respectively, during the study period. The seasonal 366 variations in the radii have a strong anti-correlation to that of the AEs (Figure 2 ). Both the fine and 367 coarse aerosol radii are larger in the summer than in the other seasons while the total aerosol radius is 368 much larger in the spring. Unlike the radius, the seasonal variations in the volume concentrations of the 369 fine and coarse aerosols are different, peaking in the spring for coarse aerosols and in the summer for 370 fine aerosols. Although both the fine and coarse aerosols have the same annual volume levels in urNJ, 371 their contributions to the total aerosol volumes vary significantly with season. The coarse aerosols lead 372 directly to the largest total aerosol volume peaking in the spring. The aerosol clusters, to a certain degree, can be identified based on the relationships between 378
SSAs at 491 nm and AEs at 491/870 nm, between the real refractive index (RRI) at 670 nm and the AE 379 at 491/870 nm, and between the SSA differences (dSSA=SSA 870nm -SSA 491nm ) and AE at 491/870 nm, as 380 presented by Russell et al. (2014) . They proposed a Mahalanobis Classification based on "a priori" 381 information for each type of aerosol source (e.g., dust, urban, biomass aerosols). Different aerosols 382 would then be mostly concentrated within the corresponding ellipses of a two-dimensional scatter plot 383 of SSA versus AE (or RRI versus AE, or dSSA versus AE). Based on their classifications, aerosols 384 from pure dust, polluted dust, biomass burning, industrial urban, developing urban, and marine sources 385 other aerosols. The aerosols from a developing urban area generally have smaller sizes than polluted 389 dust (AE ranging from 1 to 1.6), but they have larger SSA (0.9 to 1.0) values, smaller real refractive 390 indices (1.4 to 1.5) and smaller SSA differences (approximately 0). More classifications can be found 391 in (Russell et al., 2014) . Based on their classification standards, the aerosols in urNJ could be basically 392 identified as clusters of polluted dust, developing urban and industrial urban during the sampling period, 393 as shown in Figure 9 , which further supports the analysis in Section 3. Although urNJ is only 394 approximately 300-400 km away from the East China Sea, few marine or sea salt aerosol components 395 are observed, as illustrated in Figure 9 . Unfortunately, the observations missed a biomass burning event 396
in Jun 2012 (Zhuang et al., 2014b (Zhuang et al., , 2015 because the instrument was having maintenance performed. 397
Otherwise, the figure would be more comprehensive. Analysis here might help us understand the 398 aerosol sources, transformations, transports and radiative effects in the YRD. In addition, this 399 information also indicates that the Mahalanobis Classification is a very useful approach for classifying 400 aerosol into types, especially in cases of data shortages or insufficient methods. However, this method 401 still has a limitation. The classified ellipses have some overlaps among different aerosols clusters. In 402 overlap regions, classifying the aerosols into types is a challenge. For example, it is not easy to 403 distinguish between polluted dust aerosols with large AE values and urban aerosols with smaller AE. 404
Therefore, if there are two kinds of aerosols with nearly identical coordinates, further information is 405 needed, or a more effective approach should be taken into account. and Eq. 5. 418 course components at both the TOA and the surface in urNJ are investigated using the radiation transfer 453 model TUV (Madronich, 1993) . Due to a lack of SSA observations of each aerosol component, the 454 scattering aerosol DRF is estimated based on a given SSA value (0.9999, equal to that of sulfate or 455 nitrate aerosol) in a reference (Li et al., 2015b) . As indicated in the last section, the absorbing aerosols 456 in urNJ are always in a mixed state. Therefore, the absorbing aerosol DRF cannot be estimated directly 457 using the BC SSA. Here, this value is derived from the difference between the total and scattering 458 aerosol DRFs, which might be more representative. For comparison, the aerosol DRF is also calculated 459 based on the AAODs, AAEs and BC SSA (Li et al., 2015b) . 460
Observational aerosol profiles, which have not have been used in previous investigations (e.g., 461
Zhuang et al., 2014a), might be important to the DRF estimations. Figure 11 shows the mean vertical 462 aerosol profiles observed by CALIPSO (annual scale data) and the PRL (seasonal scale data) in 463
Nanjing. For further comparisons, all the profiles in the figure were standardized to percentages (%). 464
The figure suggests that the ground and satellite-based aerosol profiles are substantially different. The 465 CALIPSO profile is more homogeneous than the PRL one, accounting for approximately 61% and 88%, 466 respectively, below 4 km. Due to the lack of the long-term measurement of PRL and the different 467 products of the different observational platforms, both the CALIPSO and PRL profiles are used here. compositions. Overall, the fine aerosols contribute considerably more to the total aerosol DRFs, 481 especially for scattering aerosols. The coarse aerosol DRF accounts for only 13.3% for the scattering 482 aerosols, while this fraction is >33.7% for the absorbing aerosols at both the TOA and surface in urNJ. 483
Negative scattering aerosol DRFs could be significantly offset at the TOA and could be further 484 strengthened at the surface by absorbing aerosols. Therefore, the total coarse aerosol DRF at the TOA 485 is very weak due to a much smaller CSSA and subsequently accounts for a much smaller contribution 486 to the total aerosol DRF than the fine aerosols do. Both the scattering and absorbing aerosol DRFs have 487 similar seasonality to their AODs. And the scattering aerosol DRFs have the same seasonality as the 488 absorbing ones within the same mode. In addition to AODs, the surface albedo and solar zenith angle Table 3 lists the annual mean size-dependent DRFs of the total, scattering and absorbing aerosols 519 at both the TOA and the surface in urNJ. The DRFs at the surface are all stronger than those at the TOA. 520
The mean DRFs are -10.69, -16.45, 5.76 W/m 2 at the TOA and -25.54, -21.37 and -8.38 W/m 2 at the 521 surface for the TA, SA and AA, respectively. The fine mode TOA DRFs are nearly an order of 522 magnitude stronger than those of the coarse mode for the total and scattering aerosols. The DRFs of the 523 fine absorbing aerosols have the same order of magnitude but are stronger than those of the coarse 524 absorbing aerosols. It's noting that the total DRFs in the table are not exactly the sum of the 525 contributions from the fine and coarse ones, because the coarse aerosol affection on the solar radiation 526 is excluded when calculating the fine aerosol DRF separately, and vice versa. 527 Table 3  528 529 Various studies of aerosol DRFs have been carried out based on observations or numerical models. 530
Overall, the DRFs of urban aerosols are much stronger than those on regional or global scales. Forster be also more precise compared with previous estimation in Zhuang et al. (2014a) . This study further 542 investigated the size fractional DRFs of different aerosol components in urban areas of the western 543 YRD, which allows a better understanding of the effects of aerosols on solar shortwave radiation. In 544 addition, these issues have not been addressed in previous studies. The results here can also be used to 545 validate numerical simulations and to evaluate model performance concerning aerosol radiative effects. 546 547
Sensitivity of the aerosol direct radiative forcing to aerosol profiles 548
Different aerosol profiles might result in different DRFs. Figure 14 presents the TOA and surface 549
DRFs of different aerosol types, including the SA, AA and TA, based on four kinds of aerosol profiles 550 from CALIPSO, PRL, the combined CALIPSO and PRL shown in Figure 11 and the default one from 551 TUV (Palancar and Toselli, 2004) in clear-sky conditions. The figure shows that the aerosol DRFs in 552 clear-sky conditions are not very sensitive to the aerosol profile, although the absorbing aerosol TOA 553
DRFs are more sensitive than those of the scattering aerosols. Overall, both the scattering and 554 absorbing aerosol DRFs at the TOA become weaker to some extent when more aerosols are 555 concentrated in the lower layers of the atmosphere, especially for the AA's. Here, a profile impact 556 factor (PIF) is defined as the ratio of the standard deviations among the four types of DRFs in Figure  557 14 to the averaged values of these four DRFs. The PIF is approximately 4.97% for the absorbing 558 aerosol TOA DRF and is below 2% for the rest of the types of DRFs. In contrast, the aerosol profiles 559 might have much stronger influences on the DRFs in cloudy sky conditions because the absorbing 560 aerosols over brighter cloud will absorb more shortwave radiation (Podgorny and Ramanathan, 2001) . 561
This issue will be addressed in the future. Overall, these uncertainties are smaller than those presented in the 5th IPCC report (IPCC, 2013) and 578 could be further decreased if the measurements or the algorithms were fairly improved. For example, 579 the absorbing aerosol DRFs would become more accurate if corresponding SSAs could be obtained by 580 measurements. Also, the aerosol DRFs would be better estimated to a degree if its profiles with higher 581 temporal resolution could be used in future. Additionally, extremely high aerosol loadings are 582 frequently observed during serious pollution episodes, including dust storms, biomass burning, and 583 regional transport (Zhuang et al., 2014a, b and 2015) . The aerosol optical and physical properties as 584 well as the radiative forcing are different during these extreme episodes, which also deserves further 585 study. 586 587
Conclusions 588
In this study, the size-dependent aerosol optical and physical properties observed by a Cimel sun 589 photometer (CE-318), as well as the corresponding DRFs calculated by the radiation transfer model 590 TUV based on observations from the urban area of Nanjing (urNJ), western YRD, are investigated. 591
In the urban area of the western YRD, the annual mean total aerosol AOD is 0.65 and is mostly 592 due to the contribution of the scattering components (0.61). The absorption fraction is as small as 593 ~6.7%. Approximately 80% of the aerosols in urNJ during the sampling period are fine mode aerosols. 594
The absorption fraction is approximately 4.6% in the fine mode and 15.5% in the coarse mode, 595
showing the very different compositions and absorption characteristics of these two kinds of aerosols. 596
Compared with the satellite retrievals, the observations show aerosol optical properties with much 597 higher temporal resolutions and more products. Further analysis of the aerosol optical properties 598
indicates that there might be approximately 15% and 27% occurrences of dust-dominated and 599 BC-dominated mixing aerosols, respectively, in the western YRD during the study period. 600
The aerosols in the western YRD have a two-mode lognormal pattern in their volume size 601 distribution, peaking at the radii of 0.148 and 2.94 μm on an annual scale. The fine particles have the 602 same contribution as the coarse ones when AOD<0.8, and they become predominate when 603 0.8<AOD<1.4. Different from observations in other regions, the results here further reveal that the 604 coarse aerosols might also induce very serious pollution episodes in the YRD. Both fine and coarse 605 aerosols have the same levels of volume concentrations, although their radii differ by an order of 606
magnitude. 607
Similar to AODs, the total fine aerosol DRF also have a much contribution to the totals, especially 608 at TOA (>97%), with a value of -11.17 W/m 2 . However, differences exist. For each aerosol type, the 609 coarse aerosol DRF accounts for only ~13.3% for the scattering aerosols while at least 33.7% for the 610 absorbing aerosols at both the TOA and the surface in urNJ. The DRFs estimated for urNJ in this study 611 are much stronger than their regional or global means. 612
Most of the size-dependent aerosol optical and physical properties as well as their DRFs have 613 significant seasonality in the western YRD. The DRF variations for each aerosol type within the same 614 mode are mostly consistent with the variations in the corresponding AODs, peaking in the summer for 615 the fine aerosols and in the spring for the coarse ones. However, the variations in the total aerosol 616 DRFs at the TOA are different from the corresponding AODs because the negative DRFs of the 617 scattering aerosols are always offset by the absorbing aerosols. Both the fine and coarse aerosols have 618 the largest sizes in the summer, which differs from the total aerosol mode (which peaks in the spring). 619
The sensitivities of clear-sky aerosol DRFs to the aerosol profiles are not significant and are all 620 smaller than 5%. Overall, both the scattering and absorbing aerosol DRFs at the TOA would become 621 somewhat weaker if more aerosols were concentrated in the lower layers of the atmosphere, especially 622 for the absorbed DRF. Further investigation suggests that another uncertainty of the DRFs is from the 623 Xia, X., Che, H., Zhu, J., Chen, H., Cong, Z., Deng, X., Fan, X., Fu, Y., Goloub, P., Jiang, H., Liu, Q., 
